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INTRODUCTION
This report describes methods used to determine dissolved nutrients (nitrate plus nitrite, nitrite, orthophosphate and ammonium) in natural waters by air-segmented continuous-flow absorption spectrophotometry. Concentration ranges for the methods described in this report are tabulated below. Samples with dissolved nutrient concentrations that exceed these ranges must be diluted prior to analytical determinations. These working concentration ranges could be modified; 10-to 500-fold dilution of samples could be achieved using dilution loops or dialyzers, separately or in combination (Coverly, 1985; Patton and Wade, 1990) ; analytical sensitivity could be increased by increasing the gain of the photometer up to the limiting signalto-background ratio, increasing the path length of photometer flow cells, increasing the flow rate of the sample pump tube or decreasing the flow rate of the diluent pump tube.
APPARATUS
An air-segmented continuous-flow analyzer (Alpkem RFA-300) was used to implement the automated, colorimetric methods described in this report. System components included a 301 sampler, a 302 peristaltic pump, a 313 analytical cartridge base, a 314 power module, three 305A photometers, and a PC-based data acquisition and processing system. Alternative procedures for these methods could have been implemented using flow-injection analyzers or other types of air-segmented continuous-flow analyzers.
Operation Principles
The configuration of a generalized bench-top air-segmented continuous-flow analyzer is shown in figure 1 . An automatic sampler alternately moves the sample withdrawal tube between a reservoir containing analyte-free wash solution and disposable cups containing samples. The sample withdrawal tube connects to one of the peristaltic pump channels, which in turn connects directly to the analytical cartridge (the part of the analyzer between the pump and the photometer in figure 1 ). Samples and the wash solution are pumped into the analytical cartridge as discrete plug flows that are separated by one or more air bubbles that form at the tip of the sample withdrawal tube each time it is exposed to the atmosphere. The introduction of several intersample air bubbles at the beginning of each sample and wash cycle -"pecked sampling" of Diebler and Pelavin (1972) and Patton and Wade (1990) substantially decreases interaction among these plugs that would otherwise occir as they flow between the sampler and the analytical cartridge. As each plug enters the analytical cartridge, it is divided into many smaller, nominally identical segments with bubbles of a suitable gas (usually air). Alternately, sample and wash plugs may be pumped into an air-segmented diluent or reagent stream. Gas bubbles are not pumped into the analytical cartridge continuously, but instead are admitted in short bursts in phase with pump pulsations the "air-bar" technique. This practice minimizes proportioning errors -differences in segment-to-segment sample to reagent volume ratios that would otherwise occur (Snyder and others, 1976; Patton and Wade, 1990) . In this manner, a small portion of each plug is proportioned into many analytical stream segments, the actual number of which is simply the product of the sample or wash time and the segmentation frequency. Chemical reactions are effected in appropriate sections of the analytical cartridge as the segmented stream flows in box-car fashion toward a recording detector. For more complete details of the theory and practice of continuous-flow analysis, see Patton and Wade (1990) .
Sample Preparation
Samples must be filtered 0.45 urn nominal pore size or smaller prior to colorimetric determinations. Samples should be filtered in the field as soon after collection as practical.
Calculations
Instrument calibration requires the preparation of a set of solutions (calibrants) in which the analyte concentration is known. These calibrants are used to establish a calibration function that is estimated from a least-squares fit of nominal calibrant concentrations (x) and absorbance peak heights (y). A second-order polynomial (y = a + h* + or) function often provides better concentration estimates at calibration range extremes than the more conventional linear model (y = a + bx). There is no loss of accuracy when a second-order fit is used even if the calibration function is strictly linear, because in this case the value estimated for the quadratic parameter will approach zero.
Before the calibration function can be estimated, the baseline absorbance component of measured peak heights including drift (continuous increase or decrease in the baseline absorbance during the course of a run), if present, must be removed. Baseline absorbance in continuous-flow analysis is analogous to reagent blank absorbance in batch analysis. Correction for baseline absorbance is an automatic function of most data acquisition and processing software sold by vendors of continuous-flow analyzers. These correction algorithms, however, are based on linear interpolation between initial and intermediate or final baseline absorbance values and do not, therefore, accurately correct for abrupt, step-changes in baseline absorbance that usually indicate partial flow cell blockage. It is prudent, therefore, to reestablish baseline absorbance at intervals of 20 samples or so. After peaks are baseline corrected, regression parameters (a, b, and c terms) for the calibration function are estimated using a second-order polynomial least-squares algorithm. The quadratic equation is used to convert peak heights into concentrations for second-order calibration functions.
Most software packages provide a data base into which appropriate dilution factors can be entered. Usually these factors can be entered before or after a run is performed. Fbf dilution factors are entered, reported values will be compensated automatically for the extent of dilution. The dilution factor is the number by which measured concentrations must be multiplied to reflect the concentration of analyte in the sample prior to dilution. For example, if sample and diluent were combined in volume ratios of 1 + 1, 1 + 4, and 1 + 9, dilution factors would be 2, 5, and 10, respectively.
METHOD DESCRIPTIONS
Nitrate plus Nitrite
Cadmium metal, in the form of a miniature packed bed reactor (PBCR, figure 2 ) incorporated into the analytical cartridge of the continuous-flow analyzer, is used to chemically reduce nitrate to nitrite. Because reduction products and kinetics of this reaction are highly pH dependent (Nydahl, 1976) , the analytical stream must be well buffered as it flows through the cadmium reactor to insure uniformity of results for a wide range of sample matrices. For the flow rate and reactor geometry used in this method, the optimum pH during the reduction step is about 7.5 (Patton, 1982) . Furthermore, a reagent that forms strong complexes with Cd (II) in mildly alkaline media is also essential to long-term reactor stability during the reduction step, because these ions produced not only by reduction of nitrate, but also by quantitative reduction of oxygen dissolved in both samples and reagents (~ 0.5 inM) -would otherwise form insoluble hydroxides and quickly foul the active surfaces of the cadmium reactor (Nydahl, 1974 (Nydahl, , 1976 Patton, 1982) . In this regard, imidazole (figure 2) is an excellent reagent for buffering the analytical stream (pKjj = 7.09) and complexing Cd (II) ions (64 ~ 7.5). It is therefore a better reagent than ammonium chloride, the complexing reagent used in most other published procedures, which has no appreciable buffer capacity at this pH. The high and constant reduction efficiency of the packed bed reactor is further insured by adding a trace of copper (II) -a potent surface activator for cadmium metal (Sherwood and Johnson, 1981; Patton, 1982) to the imidazole reagent.
Nitrite ions originally present in samples along with those produced by the near-quantitative reduction of nitrate by the packed bed cadmium reactor (PBCR) are determined colorimetrically by diazotization with sulfanilamide and subsequent coupling with N-(l-naphthyl) ethylenediamine (figure 2) to form an intensely-colored azo dye (Greiss reaction). The dye formed has a molar absorptivity of ~ 4 x 104 at 543 nanometers, which is its absorbance maximum (Bendschneider and Robinson, 1952) . The Greiss reaction has been widely applied as documented in an exhaustive review article (Fox, 1985) . Details of its kinetics and mechanistic aspects are also available (Fox, 1979; Pai and others, 1990a) . Previous, commonly cited methods based on this general analytical scheme include those of Brewer and Riley (1965) , Morris and Riley (1963) , Strickland and Parsons (1972) , Wood and others (1967) , and the U.S. Environmental Protection Agency (1983).
Concentration Ranges
The concentration range of this method can be adjusted by changing the volume of sample pumped into the analytical cartridge, changing the photometer gain, or flow cell path length of the photometer, or all three. For example, a working concentration range of 0.02 -2.00 mg/L results when a sample pump tube with a nominal flow rate of 0.166 mL/min is used, whereas a working concentration range of 0.08 -8.00 mg/L results when the sample pump tube flow rate is reduced to 0.074 mL/min. The analytical cartridge diagram is shown in figure 2 . Flow cell path length and photometer gain settings are listed in table 1.
Interferences
Concentrations of potentially interfering substances are generally negligible in unpolluted surface and ground waters. Specific details of inorganic and organic compounds that interfere with the Greiss reaction are presented by Norwitz and Keliher (1985, 1986) ; more general information is presented by the American Society for Testing and Materials (1991) .
Sulfides, often present in anoxic waters, rapidly deactivate cadmium reactors by forming an insoluble layer of cadmium sulfide on the active metal surface (Strickland and Parsons, 1972) .
Because the volume ratio of imidazole reagent to sample is -10:1 and its buffer capacity is high, moderately acidic (pH > 1) samples can be determined without prior neutralization using this method.
Nitrite
Nitrite is determined identically to nitrate plus nitrite, except that the packed bed cadmium reactor is removed from the analytical cartridge and deionized water containing surfactant is substituted for the imidazole buffer reagent Thus, only nitrite ions are determined upon addition of the Greiss reagents. See the nitrate plus nitrite method summary and the references cited for additional details.
Concentration Ranges
The concentration range of this method can be adjusted by changing the volume of sample pumped into the analytical cartridge, changing the photometer gain, or flow cell path length of the photometer, or all three. For example, working concentration ranges of 0.002 -0.200 mg/L and 0.01 -1.00 mg/L result when sample pump tubes with nominal flow rates of 0.284 mL/min and 0.166 mL/min, respectively, are installed. Photometer gain settings and flow cell path lengths are listed in table 1.
Interferences
Concentrations of potentially interfering substances are generally negligible in unpolluted surface and ground waters. Specific details of inorganic and organic compounds that interfere with the Greiss reaction are presented by Nonvitz and Keliher (1985, 1986) ; more general information is presented by the American Society for Testing and Materials (1991).
Ammonium
Ammonium ion reacts with hypochlorous acid and salicylate ions in the presence of nitroferricyanide ions actually their hydrolysis product, pentacyanoaquoferroate -to form the salicylic acid analog of indophenol blue (Reardonand others, 1966; Patton and Crouch, 1977; Harfmann and Crouch, 1989; Alpkem Corp., 1989) The optimum pH for formation of this chromophore is about 13.4. The absorption maximum at this pH is about 660 nanometers (Pym and Milham. 1976; Krom, 1980, Kempers and Kok, 1989) . Tartrate ions are added to the highly alkaline reaction medium to prevent precipitation of Ca (II) and Mg (II) ions that would otherwise occur.
Concentration Ranges
The concentration range of this method can be adjusted by changing the volume of sample pumped into the analytical cartridge, changing the photometer gain, or flow cell path length of the photometer, or all three. For example, a working concentration range of 0.006 0.400 mg/L results when a sample pump tube with a nominal flow rate of 0.482 mL/min is used, whereas a working concentration range of 0.02 -2.00 mg/L results when the sample pump tube flow rate is reduced to 0.226 mL/min. The analytical cartridge diagram is shown in figure 3 and the table 1 for flow cell path lengths and photometer gain settings are shown in table 1.
Interferences
Interference by calcium and magnesium hydroxides are eliminated by adding potassium sodium tartrate to the working buffer (Alpkem Corp., 1989) . Formation of the chromophore in this method is suppressed by a number of agents including primary and secondary amines, sulfides, thiols, and ascorbic acid (Ngo and others, 1982) . Bromide ions can also interfere by reacting with hypochlorite to form hypobromite. The hypobromite thus formed removes ammonium ion from the reaction mixture by oxidizing it to nitrogen gas (C.J. Patton, U.S. Geological Survey, unpublished results, 1992).
Samples are easily contaminated by ammonium ion in the laboratory atmosphere. Blanks and samples with ammonium ion concentrations less than 0.01 mg/L are especially problematic and require extra care during all steps of analysis: sample cups should be rinsed with 5 percent volume-to-volume hydrochloric acid immediately prior to use; working reagents should be prepared and filtered daily. Ammonia contamination from the laboratory atmosphere can be reduced by filling sample cups in an argon-rich atmosphere and by maintaining a positive pressure of argon above the filled sample cups on the automatic sampler during analysis. A sample tray cover was designed to make this possible. In addition, a sponge ring saturated with deionized water and mounted on the sampler tray could prevent evaporative concentration of the samples.
Transmission tubing connecting the analytical cartridge to the photometer flow cell should be thermally insulated for maximum baseline stability (Alpkem Corp., 1987) .
Orthophosphate
Orthophosphate ions are determined at a rate of 90 tests per hour by an automated version of the phosphoantimonylmolybdenum blue procedure of Murphy and Riley (1962) . The absorbance maximum for this method is 880 nanometers (WhiUedge and others, 1981) .
When making concentration range changes, it is important that [H+] and (IT1"]:(Mo6"1"], at the flow cell, are -0.40 and ~ 74, respectively (Pai and others, 19906) in order to maximize the absorbance.
Concentration Ranges
The concentration range of this method can be adjusted by changing the volume of sample pumped into the analytical cartridge, changing the photometer gain, or flow cell path length of the photometer, or all three. For example, a working concentration range of 0.002 -0.200 mg/L results when a sample pump tube with a nominal flow rate of 0.482 mL/min is used, whereas a working concentration range of 0.01 -1.00 mg/L results when the sample pump tube flow rate is reduced to 0.226 mL/min. The analytical cartridge diagram is shown in figure 4 . Flow cell path lengths and photometer gain settings are listed in table 1.
Transmission tubing connecting the analytical cartridge to the photometer flow cell, and the flow cell itself, should be thermally insulated for maximum baseline stability (Alpkem Corp., 1987) .
Interferences
Potential interferents in natural water, Fe+3, Cu+2 and Si02, do not affect this method at concentration levels less than 40 mg/L, 10 mg/L and 10 mg/L, respectively (Alpkem Corp., 1991) . If Orthophosphate is to be determined in acidified samples, the pH should be adjusted to the range of 3 to 5 prior to colorimetric analysis (Pai and others, 1990b) . Even for very low concentration level samples (< 5 ug/L), contamination is seldom a problem provided that sample containers and analytical glassware are acid rinsed prior to use. Working reagents should be prepared fresh daily from stock solutions, and both samples and reagents should be filtered prior to analysis.
ANALYSIS PROTOCOL
For a typical nutrient analysis, two runs are performed: nitrate plus nitrite, Orthophosphate and ammonium are determined simultaneously in the first; nitrite alone is determined in the second. A set of six mixed calibrants containing appropriate concentrations of nitrate, ammonium ion and Orthophosphate ions are included in the first run to establish the calibration function. For the second run, six nitrite working calibrants are used. The first 18 positions in each run are reserved for calibration and quality-control purposes. Positions 1-10 are used to determine calibration curves. Positions 11-13 are used to estimate sample interaction or carryover; the high calibrant (SI) is followed by two of the low calibrants (S6). Comparison of these two S6 peaks gives an indication of how much carryover occurred from SI (see Quality Control). Positions 14 and 15 are used to determine the reduction efficiency of the cadmium column (PBCR). A nitrate sample is run next to a nitrite sample having the same concentration; if the nitrate is being properly reduced to nitrite by the PBCR, these two peaks will have the same height (see Quality Control). Positions 16-18 are used to gauge accuracy, by running standard reference samples. For the second run (nitrite only), the final 5 of these 18 positions are reserved for standard reference samples (there is no purpose to testing the efficiency of the nitrate reduction). Samples are always run in duplicate, and after every sixth sample, two standard reference samples and two working calibrants are run to insure accuracy. Finally, the last eight positions (usually positions 83-90) are reserved for the working calibrants to redetermine a new calibration curve. This protocol helps to guarantee that the analyses reflect the "true" concentrations of the analytes.
Absorbance data are transmitted from the photometers to a computer by an Alpkem 406 signal converter, and processed within the computer by the software package SOFTP AC-PLUS. The operating parameters for this software package are listed in table 2. The software converts the raw data into peak heights, which are converted into concentrations from the calibrants by linear or quadratic regression within a spreadsheet program.
QUALITY CONTROL
This section covers all matters concerning the quality of the data: the detection limits and precisions, the accuracy, the precision, and the instrument and cadmium column efficiencies.
Detection Limits and Precisions
The detection limit (DL) is the smallest concentration that the methodology can discern from "noise". It is defined by Skogcrboe and Grant (1970) : one measures the peak height of the blank several (n) times, calculates a standard deviation (SDf,), determines the slope of the calibration curve (peak height versus concentration, (dh/dc) and divides SD^ by dh/dc:
where t/n_j QW is the student t statistic at the 95 percent confidence level for n-1 degrees of freedom. The detection limits using the larger sample line tubing are given in table 3: 0.02 mg/L for nitrate plus nitrite; 1.6 ug/L for nitrite; 0.006 mg/L for ammonium; and 1.9 ug/L for orthophosphate.
The precision of the data is the same statistic as the detection limit except that SD^ is replaced by SDS, where SDS is the standard deviation of the peak heights of the standard (or sample) s, i.e.,
ps = SDS -t(n.Jt
where Ps is the precision of the standard s. Alternatively, where sds is the standard deviation of the calculated concentrations of standard s. Table 4 lists the precisions (both absolute and relative) for a variety of standards covering the working concentration ranges. Figure 5 shows relative precision against concentration for each of the four analytes. The precisions for nitrate plus nitrite, nitrite and orthophosphate are less than 5 percent when the concentration is sufficiently greater than the detection limit; for ammonium, the precision is between 5 and 10 percent.
Accuracy
To ascertain the accuracy of the methodology, several standard reference materials were routinely used: U.S. Geological Survey Standard Reference Water Samples (SRWS) N-30, N-32 and P-ll. Also, NBS-1 and NBS-2 were used; they are standards made from National Bureau of Standards reference nitrate and phosphate. Each of these standards was non-preserved. The analyses are consistently close to the reported value (table 5) .
Instrument and Cadmium Column Efficiencies
As stated above, to determine the amount of sample interaction ~ carryover from one sample to another a triplet of calibrants was consistently used. The high standard (SI) was run followed by two low standards (S6). Any significant carryover was displayed as a difference in the peak heights of the two S6 standards. As summarized in 
SUMMARY
This report describes apparatus and methods used for automatic, colorimetric determinations of dissolved nutrients (nitrate plus nitrite, nitrite, ammonium and orthophosphate). Data characterizing the performance of these methods for a number of natural water samples and synthetic reference materials are also provided. In general, for filtered samples the methods described here are successful for the determination of nitrate plus nitrite for the concentration range 0.02-8 mg N/L; for nitrite, the range is 0.002-1.0 mg N/L; for ammonium, the range is 0.006-2 mg N/L; and for orthophosphate it is 0.002-1 mg P/L. N-30, N-31, N-32, N-33 and N-34 Table. Then press ALT-F4 to access channel 4. Input the sample IDs into this table. When this is accomplished, press ALT-N to name the file, ALT-S to save it, and ESC to return to the main menu. Press F5 to get to the Display menu, and by pressing the spacebar, turn off the displays for channels 1, 2 and 3 and turn on the display for channel 4. 29. Remove the autosampler tray from the autosampler, and pour nitrite calibrants in place of the mixed calibrants used earlier. When this is done, replace the tray onto the autosampler. 30. Examine the nitrate/nitrite bubble pattern, and adjust the gain controls as in instruction 14. 31. On the computer, press ALT-4 to turn on the data acquisition of channel 4. When this is done, press F3 to monitor the signal. 32. Press the RESET button on the autosampler, and then the START button. Be sure the sample tray is lined up properly. 33. Similar to instruction 20, adjust the standard calibration knob if necessary to receive a voltage of 4.5 to 4.9 for the high calibrant. 34. When the nitrite run is complete, wait about 5 minutes to obtain a post-stable baseline. Press the ESC button on the computer and ALT-4 to stop the data acquisition. 35. Turn the standard calibration knob on the photometer from 840 to 080. Remove the channel 4 cable on the 406 signal converter and insert it into channel 1. Replace the orange/white tube with the orange/green tube. 36. Remove the reagent straws from SAN and NED, and let the system pump DI water for 5-10 minutes. 37. Turn off the photometer light and the temperature baths. Then turn off the autosampler, micropump and master power switches. Release the platens on the micropumps. 38. Turn off the argon.
The Working Calibrants
Primary standard solutions are made from reagent grade desiccated KNO3, KNO2, KI^PCXi anc* NH^Cl. Adding 1.4434 g KNO3 to 1 L deionized (DI) water makes a 200 mg N/L standard for nitrate; 0.6075 g KNC>2 in 1 L DI water makes a 100 mg N/L standard for nitrite; 0.4394 g KJ^PCXi in 1 L DI water n^68 a 100 mg P/L standard for orthophosphate; and 0.7637 g NH4C1 in 1 L DI water makes a 200 mg N/L standard for ammonium. These salts must be dried for several hours at 1 10 -120 degrees C, cooled and stored in a desiccator prior to weighing and dissolution. The working calibrants SI -S6 are made from these stock solutions (through suitable intermediate dilution if necessary). A typical set of mixed working calibrants are shown in the table below (here, "mixed" means that the nitrate, orthophosphate and ammonium standards are combined). A set of working calibrants should be prepared fresh every 2 weeks (at least), and should be stored in the dark in a refrigerator.
Concentrations
A set order of samples and standards was used in the analyses, both for consistency and rigor. This protocol is as follows: Position 1 In addition, every sample is run in duplicate, and after every fifth or sixth sample (depending on the number of samples) four cups are used for standards and standard reference samples.
